We experimentally confirm that diamond surface cooling can significantly enhance the output performance of a sub-nanosecond diodeend-pumped passively Q-switched Yb:YAG laser. It is found that the pulse energy obtained with diamond cooling is approximately 1.5 times greater than that obtained without diamond cooling, where a Cr 4+ :YAG absorber with the initial transmission of 84% is employed. Furthermore, the standard deviation of the pulse amplitude peak-to-peak fluctuation is found to be approximately 3 times lower than that measured without diamond cooling. Under a pump power of 3.9 W, the passively Q-switched Yb:YAG laser can generate a pulse train of 3.3 kHz repetition rate with a pulse energy of 287 μJ and with a pulse width of 650 ps.
Introduction
High-energy, compact diode-pumped passively Q-switched (PQS) solid state lasers with subnanosecond pulses have a variety of applications such as nonlinear frequency conversion, industrial processing, and remote sensing. Since Cr 4+ :YAG crystals possess high damage thresholds and high optical and thermal stabilities, they have been extensively applied as saturable absorbers in PQS laser systems such as Nd 3+ -doped lasers [1] [2] [3] and Yb
3+
-doped lasers [4] [5] [6] . Comparing with Nd:YAG crystals, Yb:YAG crystals have longer fluorescence lifetimes [7] , smaller emission cross sections [8] , low quantum defects, and broad absorption bandwidths [8] . Therefore, the Yb:YAG microchips have been employed to construct highpulse-energy light sources with stability, compactness, and reliability [9] [10] [11] .
The scaling of power and energy in Yb:YAG lasers are strongly impeded by the thermal effect because the quasi-three-level property of the Yb:YAG crystal causes the population on the lower level to significantly increase with rising temperatures. Therefore, efficient thermal management is highly desirable for enhancing the output performance of Yb:YAG PQS lasers. Recently, it has been demonstrated that the synthetic diamond is a promising heat spreader for thermal management in semiconductor disk lasers [12] and Nd-doped vanadate lasers [13] [14] [15] due to its excellent optical and mechanical properties together with high thermal conductivity. In addition, cooling along the direction of pumping is practically useful for reducing the thermal lensing and stress in microchip lasers [16, 17] . Even so, the feasibility of cooling Yb:YAG microchip PQS lasers with diamond heat spreaders has never been explored thus far.
In this work, we explore the performance improvement of diode-end-pumped PQS Yb:YAG lasers with diamond windows as surface heat spreaders. Comparing with the results obtained without the diamond heat spreader, the pulse energy obtained with the diamond cooling is found to be enhanced by 1.5 times, where a Cr 4+ :YAG absorber with the initial transmission of 84% is used. Furthermore, the standard deviation of the pulse amplitude peakto-peak fluctuation is approximately 3 times lower than that obtained without the diamond heat spreader. Under a pump power of 3.9 W, the passively Q-switched Yb:YAG laser can generate a pulse train of 3.3 kHz repetition rate with a pulse energy of 287 μJ and with a pulse width of 650 ps. More importantly, the optical-to-optical efficiencies are improved up to 58% and 25% for the continuous-wave (CW) and PQS operations, respectively. Figure 1 presents the schematic experimental setup. The gain medium was a 1-mm-long, 4 mm in diameter, and 11 at.% doped Yb:YAG crystal. One of the end facet of the crystal was coated with highly reflectivity (HR, R>98%) at 1030 nm and high-transmission (HT, T>95%) at 970 nm served as the front mirror, the other facet was with high-transmission (HT, T>95%) at 1030 nm and highly reflectivity (HR, R>95%) at 970 nm to increase the absorption efficiency of the pump power. The Cr 4+ :YAG crystal with initial transmission (T 0 ) of 84% and 1.4 mm in length was used as the saturable absorber. Both end facets of the Cr 4+ :YAG crystal were anti-reflection coated (AR, R<0.2%) at 1030 nm. The output coupler was a flat mirror with partially reflection at 1030 nm (R = 30%). The total cavity length was about 8.4 mm. The uncoated, single crystal synthetic diamond of 4.5 mm square and 0.5 mm thickness was used as the heat spreader and bounded to the front mirror side of the gain medium. The diamond plate was polished to laser quality with flatness of λ/8 at 632.8 nm and roughness of Ra smaller than 30 nm. The other side of the diamond was in contact with a copper heat sink cooled by a thermal-electric cooler at the temperature of 16°C. The side of the Yb:YAG crystal with the coating of HT at 1030 nm and HR at 970 nm was attached tightly to a copper plate with a hole of 2-mm diameter, where an indium foil was used to be the contact interface. The contact uniformity of the bounded interface between the diamond and the Yb:YAG crystal was further confirmed by means of inspecting the interference fringe resulting from the minute gap between the diamond heat spreader and the gain medium. The birefringence of the single crystal diamond was smaller than 5x10 −4 . The transmittance of the diamond heat spreader was about 70% at 970 nm owing to the high refractive index contrasts of the air/diamond and diamond/Yb:YAG interfaces (The refractive index of the single crystal diamond is 2.432). The Cr 4+ :YAG crystal was wrapped within indium foil and mounted in a copper heat sink cooled by water at the temperature of 16°C. The pump source was an 8-W 970-nm fiber-coupled laser diode with a core diameter of 200 μm and a numerical aperture of 0.20. Focusing lens with 25 mm focal length and 87% coupling efficiency is used to reimage the pump beam into the laser crystal. The pump diameter is approximately 120 μm. Considering the coupling efficiency of the focusing lens, the transmittance of the diamond, and the effective absorption of the gain medium, the maximum available absorbed pump power is found to be 3.9 W. Note that without using the diamond heat spreader the maximum available absorbed pump power can be up to 5.6 W. The laser spectrum was measured by an optical spectrum analyzer with 0.1 nm resolution (Advantest Q8381A). The pulse temporal behavior was recorded by Agilent digital oscilloscope (infiniium DSO81204B; 40G samples/sec; 12 GHz bandwidth) with a fast InGaAs photodiode of 12.5 GHz bandwidth. 
Experimental setup

Experimental results and discussion
We firstly investigate the performance of the Yb:YAG laser with the diamond heat spreader under CW operation without the Cr 4+ :YAG crystal in place. Here, we use the output coupler with reflectivity of 80% at 1030 nm to maximize the output power around the wavelength of 1031 nm under CW operation. Figure 2 shows the average power with and without the diamond heat spreader with respect to the absorbed pump power. Without the diamond heat spreader, the output power was 1.3 W under an absorbed pump power of 3.9 W which corresponds to the optical-to-optical efficiency of 33% and the slope efficiency of 50%. The output power started to saturate and the slope efficiency decreased to 17% for an absorbed pump power of 5.6 W. The thermal effects induced power degradation has been widely observed in Yb-doped lasers [18] [19] [20] [21] and has been theoretically confirmed [22] . Increasing the pump power, the detrimental effects in the Yb:YAG crystal become more severe including the decrease of the thermal conductivity [22] and the increase of the thermal expansion coefficient [23] . Furthermore, the absorption cross section and the emission cross section of the transitions between the manifolds 2 F 5/2 and 2 F 7/2 in the Yb:YAG crystal are significantly decreased with the increased temperature [24, 25] which lead to the reduction of the laser efficiency [16] . In contrast, the maximum output power was enhanced to 2.25 W under the pump power of 3.9 W when a diamond heat spreader was employed for surface cooling. The optical-to-optical efficiency and the slope efficiency were up to 58% and 86%, respectively.
Under the PQS operation, we change the reflectivity of the output coupler to be 30% at 1030 nm to prevent coating damages of the crystals due to the high intracavity intensity which have been observed in PQS Yb:YAG/Cr 4+ :YAG lasers [11] . Figure 3 (a) depicts the averaged output power versus absorbed pump power under the PQS operation. Without the diamond heat spreader, the maximum output power was found to be limited at 0.47 W under the absorbed pump power of 5.6 W. Like the CW operation, the averaged output power without diamond cooling began to saturate when the absorbed pump power was greater than 4.5 W. On the contrary, the average output power with diamond cooling was 0.96 W at an absorbed pump power of 3.9 W, corresponding to the optical efficiency of 25% and the slope efficiency of 60%. Lower temperature in the Yb:YAG crystal can achieve lower threshold pump power [26] and higher optical efficiency [27] in Yb:YAG lasers. The lower threshold pump power (2.3 W for with diamond heat spreader and 2.8 W for without diamond heat spreader) and higher optical efficiency (25% for with diamond heat spreader and 8.3% for without diamond heat spreader) attained in our results show the effective thermal management of the diamond heat spreader. In comparison with the earlier results such as the self-Q-switched laser that uses composite Yb:YAG/Cr 4+ :YAG ceramics [9] and the mechanical contacted Yb:YAG/Cr 4+ :YAG microchip lasers that adopt ceramics [10] or crystals [11] , the diamond cooling scheme is confirmed to enhance the performance significantly. The lasing spectra for CW and PQS operations with the diamond heat spreader were quite similar with the peaks near 1031.7 nm and bandwidths to be approximately 0.2 nm, as shown in the inset of Fig.  3(a) . Fig. 2 . Dependence of the averaged output power on the absorbed pump power under the CW operation. Figure 3(b) shows the pulse energies obtained with and without the diamond heat spreader with respect to the absorbed pump power. It can be seen that the maximum pulse energies obtained without and with diamond cooling are approximately 190 μJ and 287 μJ, respectively. The Yb:YAG crystal, as a quasi-three-level laser gain medium, certainly suffers from the increase of the fractional thermal population on the lower laser level and the decrease of the fractional population on the upper laser level which decrease the maximum stored energy in the Yb:YAG crystal [28] for increasing the pump power. Furthermore, the strong thermal lensing in the end-pumped Yb:YAG microchip laser which results from the thermal gradients within the gain medium [17] usually leads to a smaller cavity mode size that will reduce the output pulse energy [29] . Millar et al. [15] and our previous results [30] in semiconductor disk lasers which use diamond heat spreader for thermal management of the gain medium have evidence its effectualness. Smaller red-shift in wavelength when the diamond heat spreader was in place [15, 30] confirms that the gain medium heating to be considerably improved by using the diamond heat spreader. By using the same diamond heat spreader and the same bounding method of the diamond/gain medium composite as in this experiment, our previous result [30] shows that the gain medium temperature rise per unit pump power (ΔT/ΔP) are 20.5 K/W and 3.3 K/W for without and with the diamond heat spreader. The temperature rise in the diamond-gain medium composite is 6.2 times lower than in the gain medium without a diamond heat spreader, emphasizing the efficiency of the diamond heat spreader for thermal management. Besides, Millar et al. [15] theoretically simulates that using the diamond heat spreader can effectively reduce the maximum temperature rise together with temperature gradients and decrease the thermal stress and distortion in Yb:YAG lasers. Our experimental results confirm that diamond cooling is truly an efficient thermal management for the Yb:YAG microchip laser to enhance the output performance. To the best of our knowledge, this is the highest pulse energy obtained with Yb:YAG/Cr 4+ :YAG microchip laser. The overall pulse energy scaling was 1.9 times as high as the one in Ref [9] , 5.7 times as that in Ref [10] , and 22 times as that in Ref [11] . The diamond heat spreader not only reduces the maximum temperature rise in the gain medium to enhance the laser efficiency but also decreases the thermal-induced bending and bowing of the gain medium to improve the beam distortion [15, 16] . Furthermore, bounding the diamond heat spreader to the pumped side of the gain medium makes the temperature distribution more uniform [16] that reduces the thermal lens in the Yb:YAG crystal and prevents the cavity mode size from shrinking as the result of the thermal lens effect [31, 32] . :YAG laser at the maximum absorbed pump powers. The pulse widths can be seen to be 650 ps and 764 ps for the operations with and without diamond cooling, respectively. With the pulse energy shown in Fig. 3(b) , the peak powers obtained with and without diamond cooling can be calculated to be 442 kW and 262 kW, respectively. In other words, diamond cooling enhances the peak power by a factor of 1.7 times.
Zayhowski et al. demonstrated PQS microchip lasers constructed of diffusion-bounded Nd:YAG/Cr 4+ :YAG crystals [33] [34] [35] . By optically bounding a 4-mm-long Nd:YAG crystal doped with 1.1 at.% Nd 3+ ions and a 2.25-mm-thick Cr 4+ :YAG, laser pulses with pulse energy of 250 μJ and pulse width of 380 ps at the pulse repetition rate of 1 kHz were obtained under 15 W of pump power, the corresponding peak power of 565 kW was attained. Compared to our result of Yb:YAG/Cr 4+ :YAG laser, although the pulse width achieved by Nd:YAG/Cr 4+ :YAG laser was shorter than ours owing to the shorter laser resonator, the optical-to-optical efficiency was less than 2% which was much inferior to ours of 25%. Besides, the Nd:YAG/Cr 4+ :YAG laser can only be pulse pumped which limited the pulse repetition rate to be merely up to 1 kHz as the result of the thermal effects. At higher repetition rates, the pulse energy of the Nd:YAG/Cr 4+ :YAG laser decreased due to the cavity mode shrinking induced by the thermal lens effect. The output pulses start to bifurcate with varied pulse amplitudes in different longitudinal and polarization modes when the laser was CW pumped [33] . Our results provide the solution for improved thermal management by using a diamond heat spreader in the Yb:YAG/Cr 4+ :YAG laser, nevertheless, this method also can be expected to be useful in the Nd:YAG/Cr 4+ :YAG system. Figures 5(a) and 5(b) depict the typical oscilloscope traces measured with and without the diamond heat spreader, respectively, for the Q-switched pulse trains at the maximum absorbed pump powers. The standard deviations of the pulse amplitude peak-to-peak fluctuations are analyzed to be approximately 3% and 9% for the operations with and without the diamond heat spreader, respectively. The pulse amplitude fluctuation with the heat spreader is also superior to the earlier results such as 6% in Ref [9] . and 8% in Ref [10] , demonstrating an effective improvement in the PQS stability. Fig. 4 . Oscilloscope traces of a single pulse of the output pulse of (a) with the diamond heat spreader, (b) without the diamond heat spreader. 
Conclusions
We have experimentally confirmed that employing diamond windows as surface heat spreaders can remarkably improve the performance of diode-end-pumped PQS Yb:YAG lasers. The pulse energy obtained with the diamond cooling was found to be 1.5 times higher than that obtained without the diamond heat spreader, where a Cr 4+ :YAG absorber with the initial transmission of 84% was employed in experiment. Under a pump power of 3.9 W, a pulse train of 3.3 kHz repetition rate could be efficiently generated from the passively Qswitched Yb:YAG laser with a pulse energy of 287 μJ and with a pulse width of 650 ps. In addition, the optical-to-optical efficiencies were found to be improved up to 58% and 25% for the CW and PQS operations, respectively. The standard deviations of the pulse amplitude peak-to-peak fluctuations were measured to be approximately 3% and 9% for the operations with and without the diamond heat spreader, respectively. This result indicates that the amplitude fluctuation obtained with diamond cooling was approximately 3 times lower than that obtained without diamond cooling.
